Abstract.-Among the diverse clade of Paleozoic dissorophoid amphibians, the small, terrestrial amphibamids and the neotenic branchiosaurids have frequently been suggested as possible antecedents of either all or some of the modern amphibian clades. Classically, amphibamids and branchiosaurids have been considered to represent distinct, but closely related clades within dissorophoids, but despite their importance for the controversial lissamphibian origins, a comprehensive phylogenetic analysis of small dissorophoids has thus far not been attempted. On the basis of an integrated data set, the relationships of amphibamids and branchiosaurids were analyzed using parsimony and Bayesian approaches. Both groups represent miniaturized forms and it was tested whether similar developmental pathways, associated with miniaturization, lead to an artificial close relationship of branchiosaurids and amphibamids. Moreover, the fit of the resulting tree topologies to the distribution of fossil taxa in the stratigraphic rock record was assessed as an additional source of information. The results show that characters associated with a miniaturized morphology are not responsible for the close clustering of branchiosaurids and amphibamids. Instead, all analyses invariably demonstrate a monophyletic clade of branchiosaurids highly nested within derived amphibamids, indicating that branchiosaurids represent a group of secondarily neotenic amphibamid dissorophoids. This understanding of the phylogenetic relationships of small dissorophoid amphibians provides a new framework for the discussion of their evolutionary history and the evolution of characters shared by branchiosaurids and/or amphibamids with modern amphibian taxa. [amphibamids, Bayesian analysis, branchiosaurids, dissorophoids, fossil taxa, Lissamphibia, miniaturization, parsimony analysis, Paleozoic, stratigraphic consistency.]
The small-bodied branchiosaurids and amphibamids are among the best known temnospondyl amphibians of the Paleozoic and are of particular interest because both groups have frequently been suggested as close relatives of some or all of the modern amphibian clades. The origins and relationships of frogs, salamanders, and the limbless caecilians of the neotropics are very controversial and represent one of the most debated problems in vertebrate systematics (Milner 1988 (Milner , 1993 Trueb and Cloutier 1991; Laurin and Reisz 1997; Ruta et al. 2003; Schoch and Milner 2004; Vallin and Laurin 2004; Lee and Anderson 2006; Anderson 2007; Carroll 2007; Anderson, Reisz, et al. 2008) . Three hypotheses are currently discussed in the literature (Fig. 1a-c) . The first one is that of a polyphyletic origin with amphibamids as the closest relatives of frogs, branchiosaurids as the closest relatives of salamanders, and caecilians nested within lepospondyls and therein most closely related to the microsaur Rhynchonkos (Carroll 2007) . The other two hypotheses both propose a monophyletic Lissamphibia, which is either the sister taxon of lysorophian lepospondyls (Laurin and Reisz 1997; Vallin and Laurin 2004) or variably of branchiosaurids or amphibamids within temnospondyls (Bolt 1969 (Bolt , 1991 Milner 1988 Milner , 1993 Trueb and Cloutier 1991; Ruta et al. 2003; Schoch and Milner 2004; Anderson 2007; Anderson, Reisz, et al. 2008) . All recent molecular analyses support a monophyly of the three modern groups. Therein the intrarelationships of lissamphibians vary between the Procera hypothesis with salamanders + caecilians as sister taxon to frogs (Hedges and Maxson 1993; Hay et al. 1995; Feller and Hedges 1998) and the Batrachian hypothesis with salamanders + frogs as the sister taxon to caecilians (Zardoya and Meyer 2001; San Mauro et al. 2005; Zhang et al. 2005) (Fig. 1d,e) .
Despite their importance for the discussion of the origins of the modern amphibian groups from within the diverse Paleozoic taxa, phylogenetic assessments of amphibamids on the one hand and branchiosaurids on the other hand have only very recently been attempted (Schoch and Rubidge 2005; Schoch and Milner 2008) . Amphibamids are known from Carboniferous and Permian paleoequatorial deposits from North America and Europe and represent small, terrestrial forms (Fig. 2f ). Schoch and Rubidge (2005) published the first phylogenetic analysis of amphibamids and for the first time formally established the monophyly of the group. On the basis of their phylogenetic hypothesis, they furthermore discussed several aspects of the evolutionary history of the clade. Subsequently, a number of new amphibamid taxa were discovered and included in this data set with some modifications or extensions (Huttenlocker et al. 2007; Anderson, Henrici, et al. 2008; Anderson, Reisz, et al. 2008; Fröbisch and Reisz 2008) .
Branchiosaurids are small, gill-bearing amphibians known from hundreds of specimens and a large number of ontogenetic stages from the Permo-Carboniferous lake deposits of central Europe (Fig. 2e) . Despite their excellent fossil record, a phylogenetic analysis of the group was not attempted until very recently because of the prevailing neotenic nature of almost all representatives of Branchiosauridae (Schoch and Milner 2008) . Neoteny, the retention of larval somatic features in adult animals, is known to be associated with a large number of homoplasies in modern urodeles and therefore has strong effects on the assessment of phylogenetic relationships (Wake 1996; Wiens et al. 2005; Schoch and Milner 2008; Schoch 2009 ).
An understanding of the relationships of small dissorophoids, that is, amphibamids and branchiosaurids, is essential for our understanding of the evolution of these groups and ultimately for the continuing discussion on the origins of frogs, salamanders, and caecilians. The specific relationships of amphibamids and branchiosaurids have thus far not been addressed in detail because individual phylogenetic analyses for each of the two groups were lacking. Branchiosaurids and amphibamids have previously been incorporated into large data set that focused on lower tetrapod relationships on a broad scale but were therein only represented by few taxa or composite codings (Milner 1988 (Milner , 1993 Trueb and Cloutier 1991; Laurin and Reisz 1997; Ruta et al. 2003; Schoch and Milner 2004; Vallin and Laurin 2004; Anderson 2007; Anderson, Reisz, et al. 2008) . Classically, branchiosaurids and amphibamids were considered to form two distinct, but closely related clades within dissorophoid amphibians. However, it has been tentatively suggested that branchiosaurids and amphibamids may not represent two distinct clades, but instead branchiosaurids may be neotenic amphibamids (Milner 1982; Anderson 2007; Anderson, Henrici, et al. 2008; Schoch and Milner 2008) , a suggestion that if proven correct would have significant consequences for the discussion of character evolution within the group and in the evolution of the modern amphibian taxa. A combined phylogenetic analysis of amphibamids and branchiosaurids applying parsimony and Bayesian analytical approaches is the focus of this study, which represents the first comprehensive analysis of the relationships of small dissorophoid amphibians and provides a new framework for a discussion of the evolution of crucial morphological characters and developmental pathways shared with modern amphibian groups.
MINIATURIZATION
An important aspect that complicates the discussion of the relationships of branchiosaurids and amphibamids is that both groups represent miniaturized forms in comparison with their close relatives within dissorophoids and on a broader phylogenetic scale (Fig. 2) . Miniaturization is widely distributed among metazoans (Hanken and Wake 1993) and is a wellstudied phenomenon in many vertebrate clades (Miller 1996) . With respect to amphibians, it is of particular significance, because miniaturization is thought to have 314 SYSTEMATIC BIOLOGY VOL. 58 FIGURE 2. Relationships of higher temnospondyls (Euskelia, Yates and Warren, 2000) depicting the morphology and relative size of taxa. a) the eryopid Onchiodon; b) the zatracheid Acanthostomatops; c) the basal dissorophoid Micromelerpeton; d) the dissorophid Broiliellus (redrawn from Carroll, 1964) ; e) the branchiosaurid Apateon pedestris; f) the amphibamid Doleserpeton (redrawn from Bolt 1969) . Scale bars equal 1 cm.
played a crucial role in the origins of the modern amphibian groups. However, the impact of miniaturization on assessments of relationships has thus far not been addressed, but the morphological changes associated with a decrease in body size can artificially lead to a close grouping of miniaturized taxa.
Generally, miniaturization is understood as the evolution of extremely small body size to a degree where the physiology, ecology, and behavior of the animal is affected (Hanken and Wake 1993) . Miniaturization is, however, difficult to quantify and change from a "regular" size reduction to miniaturization may by a continuous transition (Hanken 1993; Hanken and Wake 1993) . Size reduction can have profound effects on the organism, especially in cases where a minimum possible body size is approached. When dealing with fossil taxa, morphological changes in the skeleton are the only ones that can potentially be observed. Those are also the most conspicuous ones in extant forms and are frequently described in detail accompanied by analyses of how these morphologies are a result of, and themselves affect, changes of the associated soft tissues (Marshall and Corruccini 1978; Hanken 1983 Hanken , 1984 Hanken , 1993 Linke et al. 1986; Roth et al. 1992; Rieppel 1996) .
Paedomorphosis is usually implicated as the evolutionary pattern correlated with the reduction in size and some of the associated morphological changes. However, the actual heterochronic mechanisms leading to the size reduction can vary among taxa and have to be investigated in a phylogenetic framework for each considered taxon separately (Hanken 1993) . This is especially important considering the frequency with which miniaturization can occur within a clade and the large degree of homoplasy associated with it. Wake (1992), for example, showed that a miniaturized morphology evolved at least 10 times within Plethodontidae, the lungless salamanders. Miniaturization was also shown to have evolved recurrently within rasporine fish, a clade containing Paedocypris, the smallest known vertebrate (Rüber et al. 2007) .
Different categories of morphological change are associated with miniaturization, with a combination of any number of them potentially occurring in different miniaturized taxa (Hanken 1982 (Hanken , 1983 (Hanken , 1984 (Hanken , 1985 (Hanken , 1993 Hanken and Wake 1993) . These include reduction or structural simplification accompanying the decrease in size; hyperossification usually compensating for a weakening of the skeleton caused by structural simplification or reduction; morphological novelty as a consequence of skeletal rearrangements, which are a direct cause of size reduction; and increased variability, in particular, in the elements formed late in ontogeny and affected variably by the precocious truncation of the developmental trajectory.
In the discussion of miniaturization, it is important to not only consider physical size but also the so-called "biological size" (Roth et al. 1992; Hanken and Wake 1993) . The latter takes cell size into account, which is a direct measure of the size of the genome, that is, the amount of DNA. Genome size can vary widely between different taxa, even if they are closely related. Thereby, they may have the same physical size, but the cell size may be very different. The plethodontid salamander Thorius not only has an extremely small physical size but in addition also possesses very large cells. It thereby shows an even stronger size decrease with respect to the developmental mechanisms and principles of selforganization (Hanken and Wake 1993) . While assessments of cell size in fossil taxa is largely impossible, identifying miniaturization in terms of a physical size decrease is certainly possible in the fossil record (e.g., Marshall and Corruccini 1978; Carroll 1990; Schoch and Rubidge 2005) . The identification of the heterochronic mechanisms that lead to the miniaturized morphology and a potential recurrent evolution of miniaturization within a clade are more difficult to assess because detailed knowledge of the ontogeny and absolute age data as well as phylogenetic assessments derived independently of morphological data are usually unavailable for fossil forms.
This problem is particularly compelling with regard to amphibians because miniaturization was repeatedly suggested to have played an important role in the evolution of major taxa, including the origins of the modern amphibian forms (Bolt 1977 (Bolt , 1979 Milner 1988 Milner , 1993 Carroll 1990 ). Milner (1993) discussed that a suite of characters supporting the temnospondyl-lissamphibian hypothesis are characters associated with miniaturization. Although he did not explicitly identify these characters, he listed the enlarged interpterygoid vacuities, the absence of the jugal and two coronoids (with one coronoid remaining), the absence of the ectopterygoid, and the straight, abbreviated ribs, all likely associated with small body size.
As outlined above, branchiosaurids and amphibamids both have frequently been suggested as potential close relatives to either all modern amphibians or batrachians (salamanders+frogs) (Bolt 1969 (Bolt , 1977 (Bolt , 1991 Milner 1988 Milner , 1993 Trueb and Cloutier 1991; Ruta et al. 2003; Schoch and Milner 2004; Anderson 2007; Carroll 2007; Anderson, Reisz, et al. 2008) , and they were found to be the only plausible antecedents among the known temnospondyls (Milner 1993) . Both groups are undoubtedly very small compared with other representatives within Dissorophoidea (e.g., micromelerpetontids, trematopids and Ecolsonia) and with other temnospondyls in a broader phylogenetic scale such as the eryopids (Fig. 2) .
Amphibamids have previously been referred to as miniaturized dissorophoids (Milner 1988; Schoch 1995) , and miniaturization is thought to have been a driving force in the evolution of this clade (Schoch 2002b; Schoch and Rubidge 2005; Schoch and Milner 2008) . Characters that were mentioned as being associated with miniaturization in amphibamids by Schoch and Rubidge (2005) are the rudimentarily developed circumorbital elements, the poor dermal ornamentation, overall thin dermal bones, oversized orbits and otic notches, and the very extended interpterygoid vacuities of the palate. Notably though, the vertebral elements, neurocranium, and quadrates are well ossified (Carroll 1964; Bolt 1968; Clack and Milner 1993; Daly 1994; Schoch and Rubidge 2005; Huttenlocker et al. 2007; Fröbisch and Reisz 2008) . In all these correlates of miniaturization, amphibamids resemble modern salamanders and frogs more closely than any other early tetrapod clade (Milner 1988 ).
Amphibamids are classically interpreted as terrestrial forms and the latter features are associated with late ontogenetic stages and terrestrially (e.g. Schoch and Fröbisch 2006) , which lead Schoch and Rubidge (2005) to hypothesize that derived amphibamids likely had a condensed larval development. This is supported by small-sample growth series of Platyrhinops lyelli (Schoch 2002b) , an amphibamid whose larvae apparently shared the apomorphic branchial dentition with branchiosaurids, which was then lost during metamorphosis (Clack and Milner 2007) . It is further indicated by the tiny body size of some amphibamid specimens from the South Grandfield locality in Texas, some of which have a skull length of no more than 15 mm, but show well-ossified braincase elements and jaw articulation (NBF, personal observation). The very small size is particularly conspicuous in the highly nested amphibamids Amphibamus, which also represents the smallest terrestrial dissorophoid, and Doleserpeton. This is contrasted by branchiosaurids, which share small body size within a similar size range with amphibamids, but neoteny is a pronounced feature, present in all but one member of this clade (Schoch and Fröbisch 2006; Fröbisch and Schoch 2009 ). Similar to amphibamids, branchiosaurids also show trends toward further miniaturization within the clade, indicated by very small forms nested higher in the phylogeny such as Apateon gracilis and Apateon dracyiensis. Apateon dracyiensis shows pronounced juvenile features in adult specimens, such as the short jugal and an open cheek (Boy 1987; Werneburg 2001 Werneburg , 2002 Schoch and Milner 2008) , indicating a further precocious truncation of the ancestral developmental trajectory. The large sample size of some branchiosaurids also permits to observe a very high frequency of individual variation (Schoch and Milner 2008) , which is a further characteristic of miniaturized species, although the degree of variability in other nonminiaturized temnospondyls is not well understood.
On the one handthe small size of these two groups may lend support for the hypothesis that they represent the closest Paleozoic relatives of some or all modern amphibian taxa, considering that miniaturization is thought to have played an important role in the evolution of the extant amphibians, the vast majority of which is still rather small. On the other hand, it complicates the discussion of the relationships of amphibamids and branchiosaurids, character evolution within the clade, and its role in the evolution of the modern forms.
The question arisesas to what impact miniaturization has on phylogenetic assessments of dissorophoid relationships. Miniaturization is known to produce a suite of homoplasies that can potentially have a strong effect on phylogenetic assessments. Indeed, Schoch and Rubidge (2005) state that amphibamids and branchiosaurids were likely exposed to similar constraints imposed by size reduction, although they clearly differ in characteristics not thought to be related to small body size. However, this hypothesis remained a general statement and was not tested further because a phylogenetic 316 SYSTEMATIC BIOLOGY VOL. 58 analysis of branchiosaurids and consequently no combined analysis of branchiosaurids and amphibamids had been attempted.
In a study on the effects of neoteny (in the sense of the retention of larval somatic feature into sexual maturity) on the assessment of the relationships of modern salamander families, Wiens et al. (2005) found that developmental mechanisms could have profound effects on phylogenetic assessments based on adult morphological data, when similar large-scale developmental mechanisms are acting in distantly related clades. Although Wiens et al. (2005) were looking at two well-known developmental pathways in salamander ontogeny, neoteny (paedomorphosis), and metamorphosis, similar phenomena as observed by them for extant salamanders could be expected for this study on the effects of miniaturization on phylogenetic assessments. Paedomorphosis is also thought to be the primary mechanism leading to a miniaturized morphology and therefore a close clustering of miniaturized taxa as observed for neotenic taxa in salamanders can be expected.
In their study, Wiens et al. (2005) suggested three approaches to assess the influence of neotenic characters on phylogenies: First, the exclusion of characters associated with neoteny; second, the exclusion of the neotenic taxa; and third coding the adult morphology of neotenic taxa as unknown, assuming that adults of neotenic taxa are not a comparable ontogenetic stage to adults of metamorphosed taxa. When these approaches are conveyed to the investigation of the effects of miniaturization on the relationships of small dissorophoids, the exclusion of characters associated with a miniaturized morphology is the only possible approach. The exclusion of the taxa would not be helpful because their relationships relative to each other and with other taxa would not be resolved (and for the same reason, this approach was also not chosen by Wiens et al. 2005) . The third approach is also not feasible because there is no clear-cut delineation in the case of miniaturization as is between neotenic and metamorphosed morphologies that are correlated with distinct ontogenetic stages. Moreover, molecular characters that would provide additional and independent data for resolution after the deletion of a large amount of information are unavailable for studies on fossil taxa.
In this study, characters associated with a miniaturized morphology were excluded from the data set in a second set of analyses to assess the impact of miniaturization on the phylogenetic relationships on small dissorophoid amphibians, investigating whether shared developmental pathways associated with miniaturization lead to an artificial intricate relationship between amphibamids and branchiosaurids. Moreover, the stratigraphic distribution of taxa relative to various tree topologies is investigated as an additional source of information for the comparison of tree topologies derived from the same data set (the complete data set and the data set without miniaturization characters), but different analytical approaches. The results of the analyses and their implications for the evolutionary history of small dissorophoids and the origins and intrarelationships of frogs, salamanders, and caecilians are discussed.
MATERIAL AND METHODS

Phylogenetic Analyses
The following analyses are based on an integrated data matrix representing for the first time a comprehensive data set for the study of amphibamid and branchiosaurid relationships. The amphibamid data set is taken from Fröbisch and Reisz (2008) , which in turn represents an extension of the data set by Schoch and Rubidge (2005) and includes all currently recognized amphibamid taxa. Furthermore, the recently assembled data set for branchiosaurid relationships by Schoch and Milner (2008) forms the second part of the integrated data matrix. Duplicate characters were deleted from the data set and the analysis presented here includes 31 taxa and 80 cranial and postcranial characters (Supplementary Appendices 1 and 2, available from http://sysbio.oxfordjournals.org/; TreeBASE submission number SN4543).
The data analysis was divided into two components, which each utilized three analytical approaches. The first component represented the analysis of the complete data sets, the second one the analysis of a reduced data set, where characters thought to be associated with a miniaturized morphology were eliminated from the data matrix (see Supplementary Appendix 3). Both data sets were analyzed using a parsimony approach with all characters unordered, a parsimony approach with selected characters ordered (see discussion of individual analysis) and a Bayesian approach. Therefore, the two different data set and analytical treatments yielded six (consensus) tree topologies altogether. Additionally, a partition homogeneity test (Farris et al. 1995) was performed in PAUP (Swofford 2001) for the parsimony analyses of the complete data set with all characters ordered and selected characters unordered, respectively, to quantify a potential conflict between characters associated with miniaturization and the remaining characters of the matrix.
The basal temnospondyls Dendrerpeton and Balanerpeton served as outgroups for all analyses. Parsimony analyses were conducted using the heuristic search mode of PAUP 4.0b10 (random-stepwise addition, 10 replicates) (Swofford 2001) and character evolution and optimization was investigated using MacClade 4.08 (Maddison and Maddison 1992) . Node support was assessed by calculating bootstrap values with 1000 replicates and Bremer decay values. Bayesian analyses were conducted using Mr. Bayes 3.1.2. (Huelsenbeck and Ronquist 2005) . The application of Bayesian approaches to morphological data sets represents a relatively recent approach providing an alternative to the traditional parsimony analyses in particular for analyses of fossil taxa that often show little robustness of trees or particular 2009 FRÖBISCH AND SCHOCH-PHYLOGENY OF SMALL DISSOROPHOID AMPHIBIANS 317 nodes due to the limited and often fragmentary data available in the fossil record (Lewis 2001; Snively et al. 2004; Müller and Reisz 2006) .
The Mk model was applied to the data set, which is currently the only available model for the analysis of morphological data, because it allows for a variable number of character states. It follows the assumption that character states can change with equal probability, in any direction, and at any time. Four chains with two independent runs were computed with a tree sampling at every one hundred generations. The first 5000 trees (the so called "burn-in") were disregarded for the final evaluation. Log likelihood values were plotted against numbers of generations to test whether the Markov chain Monte Carlo chain converged on a stationary stage before tree sampling was initiated. This showed no obvious increase or decrease, indicating that the stationary stage was reached in the analyses prior to the start of tree sampling.
All Bayesian analyses were run twice on the same data set, that is, without and with gamma shape distribution, the latter allowing for different rates of character change between different characters. The two runs per data set were compared by calculating the Bayes factor, which is based on the difference between the harmonic means of the log-likelihoods of each respective run multiplied by 2. It provides a measure that helps to assess whether variation in the rates of character change improves the fit of the data to the model. Generally a Bayes factor >10 is considered to reflect a strong support for the gamma shape distribution (Kass and Raftery 1995; Müller and Reisz 2006) .
Stratigraphic Indices
The fit of the tree topologies to the stratigraphic distribution of taxa in the rock record provides an additional source of information for the comparison of results yielded by different analytical treatments. Three commonly used indices for the fit of the stratigraphic data with the tree topology are the stratigraphic congruence index (SCI), stratigraphic congruence index (RCI), and the gap excess ratio (GER) all of which reflect slightly different aspects of the fit of stratigraphic data to a cladogram. The SCI (Huelsenbeck 1994) describes the congruence of a tree with the stratigraphic distribution of the taxa as the proportion of stratigraphically consistent nodes within the tree and the overall number of nodes. Therein, a node is considered stratigraphically consistent if the oldest first occurrence above a given node has the same age or is younger than the first occurrence date of the sister node. An SCI of 1.00 would therefore reflect a perfect fit of the tree topology to the stratigraphic distribution of the taxa.
The two other measures, the RCI (Benton and Storrs 1994) and the GER (Wills 1999 ) incorporate time in their measures in form of minimum implied gaps (ghost lineages). The RCI incorporates a ratio of the minimum implied gaps and the actually observed stratigraphic ranges of the considered taxa and thereby provides a measure for the relative completeness of the fossil record (Benton and Storrs 1994; Hitchin and Benton 1997; Wills 1999) . RCI values can range from large negative values, when the minimum implied gaps are longer than the actually observed stratigraphic ranges, to a theoretical maximum of 100% (Benton and Storrs 1994; Hitchin and Benton 1997; Siddall 1998; Wills 1999) .
In contrast, the GER does not include the actually observed stratigraphic range of the considered taxa and thereby does not conflate congruence of the tree topology and stratigraphic data with the completeness of the fossil record (Wills 1999) . The GER calculates the excess ghost range based on the cladogram and the stratigraphic range data of the considered taxa over the minimal ghost range possible for the given stratigraphic data and is then expressed as a fraction of the total range of ghost values possible for the same stratigraphic data on any cladogram (Wills 1999) . The highest value for the GER (1.00) can be obtained, even if only a point distribution of fossils is known, whereas in the latter case, the RCI values tend to become large and negative.
Previously, measures of stratigraphic fit have been used as an independent optimality criterion to choose between several most parsimonious trees yielded by a single parsimony analysis, but it has also been argued that the indices reflect more the completeness of the data in general ( Siddall 1998) . Unlike in previous studies, the three indices are here used in a novel approach to compare trees that are derived from the same data set, but from different analytical methods, that is, the two parsimony analyses (characters unordered vs. selected characters ordered) and the Bayesian analysis. Measures of stratigraphic fit for tree topologies derived from the complete and the reduced data set have to be treated separately because they are based on a different number of characters.
SCI, RCI, and GER were calculated using the program Ghosts version 2.3 (Wills 1999) . Stratigraphic data were amended from the default settings of the program to reflect the stages and according to absolute ages as given in the most recent geologic timescale (Gradstein et al. 2004) . One thousand permutations of the range data over terminal taxa yielded a randomized distribution of values to assess whether the measures yielded for the tree topologies vary significantly from a random distribution. As suggested by Wills (1999) , the data of the actual ranges were considered significantly better than expected by chance, if it was greater than all but a small tail of randomized values (5%).
The SCI and the RCI have been criticized, in particular, because they were shown to be theoretically influenced by tree topology, that is, pectinate versus balanced trees (Siddall 1997 (Siddall , 1998 , and the same holds true for the GER (Wills 1999) . However, although this theoretical relationship between these values and tree balance exists, Hitchin and Benton (1997) showed on the basis of a large number of cladograms derived from empirical data that SCI and RCI values of balanced trees were on average as high as for unbalanced trees, not reflecting the expected 318 SYSTEMATIC BIOLOGY VOL. 58 inverse relationship. For the purpose of this study, the imbalance value I (s) (Shao and Sokal 1990) was assessed for all six trees to test for the possible correlation between tree balance and values for stratigraphic fit. None of the three measures (SCI, RCI, and GER) were found to be significantly correlated with tree balance (Tables  1 and 2 ).
RESULTS AND DISCUSSION
Complete Data Set
Parsimony analysis (characters unordered).-The data set was analyzed in a parsimony analysis via a heuristic search with all characters equally weighted and unordered. The search resulted in 13 most parsimonious trees, the strict consensus of which as well as Bootstrap values and Bremer support values are shown in Figure 3a . The tree length is 270 steps with a consistency index of 0.524 and a rescaled consistency index of 0.406. The analysis results in a polytomy at the base of the amphibamid clade, which however clearly includes branchiosaurids. Therein, the monophyly of branchiosaurids is well supported and the amphibamid Georgenthalia clusters as their closest relative. Although much of the relationships within amphibamids remain unresolved, a clade including the basal taxa ([Micropholis, Pasawioops] Tersomius) is recovered, which has also been proposed by Fröbisch and Reisz (2008) .
The branchiosaurid relationships differ in some respects from those proposed by Schoch and Milner (2008) . They recognized two distinct clades within branchiosaurids, the Apateon-clade, and the Melan- Micromelerpeton forms the basalmost member of Dissorophoidea. The relationships of dissorophids, trematopids, and Ecolsonia remain unresolved in this analysis, but all four taxa are positioned in a more derived position relative to Micromelerpeton as yielded by the individual amphibamid analysis and branchiosaurid analysis (Schoch and Milner 2008) .
Parsimony analysis (selected characters ordered).-In the analysis of branchiosaurid relationships by Schoch and Milner (2008) , all characters were treated as ordered. Their decision to order particularly multistate characters was based on the well-documented ontogenetic character transformations in many taxa included in their analysis, implying that evolutionary and ontogenetic character transformations are correlated. This explicitly referred to evolutionary modifications of ontogenies and was not meant to imply recapitulation in its historical sense see Schoch and Milner (2008) for further details on their argumentation]. Considering the good knowledge of the ontogenetic series of many taxa in which distinct patterns such as paedomorphosis have been recognized without changes to the ancestral sequence, this is a valid justification for ordering characters.
However, some characters of Schoch and Milner's (2008) original study were amended for this analysis, for example, by adding additional characters states, to accommodate the wider range of taxa and morphologies considered here (see Supplementary Appendix 1) . Therefore, the different character states do not necessarily reflect an ontogenetic or evolutionary transformation series anymore and thus cannot be treated as ordered under the justification outlined above. Only six characters were treated as ordered in this modified version of the parsimony analysis (characters #35, 38, 62, 63, 68, and 79) .
The parsimony analysis resulted in 14 most parsimonious trees. The strict consensus tree as well as the Bootstrap and Bremer decay values are shown in Figure 3b characters unordered. Branchiosaurids remain a welldefined clade, but again with a polytomy at its base, including Branchiosaurus and the monophyletic Apateon-clade and Melanerpeton-clade. The relationships within the Apateon-clade and Melanerpeton-clade are the same as recovered for the parsimony analysis with all characters unordered. The nesting of amphibamids is well resolved in this analysis and clearly supports a paraphyly of amphibamids with respect to branchiosaurids. A basal split can be recognized in the Amphibamidae (incl. branchiosaurids), which coincides with the split into two distinct clades of amphibamids retrieved by Fröbisch and Reisz (2008) . One clade includes the primitive amphibamids [(Micropholis, Pasawioops) Tersomius] and a second clade contains the derived amphibamids as well as the monophyletic Branchiosauridae. Therein, as in the parsimony analysis with all characters unordered, Georgenthalia forms the sister taxon to branchiosaurids. Even more highly nested is a clade including the remaining derived amphibamid taxa (((((Amphibamus, Platyrhinops) Doleserpeton) Gerobatrachus) Plemmyradytes) Eoscopus). Bayesian analysis.-The Bayesian analysis was performed in two consecutive runs, one with and one without gamma shape distribution. The harmonic mean without gamma shape distribution is −911.82, and −906.10 with gamma shape distribution, resulting in a Bayes factor of 11.44. On the basis of this value, allowing rate variation between different characters appears to be a better choice for this data set.
The result of the Bayesian analysis also shows a paraphyly of amphibamids with respect to branchiosaurids (Fig. 4) , therefore supporting the suggestion that branchiosaurids are a subgroup of amphibamids (Milner 1982; Anderson 2007; Anderson, Henrici, et al. 2008; Schoch and Milner 2008) . The basal split of Amphibami- dae can also be recognized in this analysis, with one clade containing the basal amphibamids Micropholis, Pasawioops, and Tersomius and a second clade comprising the derived amphibamids as well as all branchiosaurids. Plemmyradytes is positioned at the base of this second clade and the next successively higher nested taxa are Eoscopus and Georgenthalia. Branchiosaurids constitute a monophyletic clade that forms the sister taxon to the derived amphibamids {[(Amphibamus, Gerobatrachus) Doleserpeton] Platyrhinops}, suggesting a slightly higher nesting of branchiosaurids than retrieved by the parsimony analysis with selected characters ordered.
Within branchiosaurids, Branchiosaurus clusters at the base of the Apateon-clade and the relationships within the latter are essentially similar to those yielded by the parsimony analysis with all characters unordered. The Bayesian analyses also resulted in a distinct Melanerpeton-clade, with Melanerpeton eisfeldi as its basalmost member.
The relationships of amphibamids retrieved by the Bayesian analyses strongly resemble those that were retrieved in the analysis of Fröbisch and Reisz (2008) . Moreover, branchiosaurids are positioned as a distinct clade between the highly nested and the three more basal members of the derived amphibamids. At the base of the Dissorophoidea, the dissorophids, Ecolsonia, and trematopids form a distinct clade and as in the parsimony analyses, Micromelerpteon forms the basalmost member of the dissorophoids.
Reduced Data Set
To investigate the possibility that miniaturized body size is affecting the phylogenetic assessment of branchiosaurid and amphibamid relationships, 13 characters that are associated with a miniaturized morphology, as previously suggested in the literature, were excluded from the data set. The deleted characters and their effect on the morphology are discussed in Supplementary Appendix 3.
Parsimony analysis (all characters unordered).-The exclusion of characters associated with miniaturization reduces the overall resolution and results in 30 most parsimonious trees (Fig. 5a ). The analysis with the reduced data set results in branchiosaurids being clearly nested within the derived amphibamids. As in the previous analyses, distinct Melanerpeton-and Apateon-clades within branchiosaurids are recovered, but therein Branchiosaurus forms the sister taxon to the Melanerpetonclade rather than being more closely associated with the Apateon-clade as in the Bayesian analysis of the complete data set. The recently described Gerobatrachus (Anderson, Reisz, et al. 2008) forms the sister taxon to the monophyletic Branchiosauridae with Amphibamus, Doleserpeton, Platyrhinops, and Eoscopus as successively more basal taxa. Therefore, as in the trees retrieved from the analyses of the complete data set, the Branchiosauridae are nested within derived amphibamids but are the complete data set because character 63 (the contact between maxilla and quadratojugal) was excluded as a character associated with miniaturization. The ordering of characters increased the resolution compared with the analysis of the reduced data set with all characters unordered and resulted in six most parsimonious trees. The strict consensus tree (Fig. 5b) shows that the monophyletic clade of branchiosaurids is again nested within the derived amphibamids, and therein Georgenthalia forms their immediate sister taxon as also retrieved by the parsimony analysis of the complete data set with selected characters ordered. Highly nested within the clade of derived amphibamids+branchiosaurids is a further clade comprising {[(Amphibamus, Platyrhinops) Gerobatrachus] Doleserpeton}. Contrary to the previous analyses, in this study Plemmyradytes clusters within the clade of basal amphibamids in a sister taxon relationship with Micropholis with Pasawioops and Tersomius as successively more basal taxa. A close relationship of Plemmyradytes with Micropholis was also suggested by Huttenlocker et al. (2007) in the initial description of Plemmyradytes, but this taxon was found to be more closely related to members of the clade of derived amphibamids in a subsequent, more inclusive study of amphibamid relationships . Eoscopus represents the basalmost member of the clade amphibamids+branchiosaurids.
Within branchiosaurids, Branchiosaurus forms the basalmost member of this monophylum. This is consistent with the results of Schoch and Milner's (2008) analysis of branchiosaurid relationships, but differs from the other analyses in this study, where the position of Branchiosaurus remained either unresolved or Branchiosaurus variably fell either with the Apateon-clade or the Melanerpeton-clade. The two clades within branchiosaurids are also reflected in the results of this analysis, whereas the relationships within the Apateon-clade are essentially similar to those of the previous analyses. Apart from the sister taxon relationship of Leptorophus tener and Schoenfelderpeton prescheri, the relationships within the Melanerpeton-clade are unresolved in a polytomy at its base in the strict consensus tree.
Bayesian analysis.-Bayesian analyses with and without gamma shape distribution were performed on the basis of the reduced data set. The Bayes factor was calculated to assess whether the implementation of the gamma shape parameter increases the fit of the model to the data. The harmonic mean without gamma shape parameter was −779.05 and with gamma shape parameter −772.86 resulting in a Bayes factor of 6.19. Therefore, there is no strong support for running the analyses allowing for variable rates of character change.
Branchiosaurids form a monophyletic group nested highly within derived amphibamids (Fig. 6) . Gerobatrachus and Amphibamus are in a sister taxon relationship and are the most derived members of this clade also forming the sister taxon to branchiosaurids, whereas Doleserpeton, Platyrhinops, and Eoscopus are positioned 
Stratigraphic Consistency
An independent data set for the assessment of phylogenetic relationships in the form of molecular data is unavailable for fossil forms that would allow for a broader investigation of the effects of character exclusion from the data set. However, another source of data is available for fossil taxa that can be considered for an additional, albeit not an alternative, source 2009 FRÖBISCH AND SCHOCH-PHYLOGENY OF SMALL DISSOROPHOID AMPHIBIANS 323 of information for the comparison of tree topologies, which is the distribution of taxa in the stratigraphic rock record. The relative appearance of fossil taxa in the fossil record was suggested as an independent source of information, in particular, when stratigraphic information was not included in the initial data set used for tree building (Huelsenbeck 1994) .
Three measures for the fit of tree topology to the stratigraphic record were considered in this study, the SCI (Huelsenbeck 1994) , RCI (Benton and Storrs 1994) , and GER (Wills 1999) . For the complete data set, all three values are highest for the tree yielded by the Bayesian analysis (Table 1 ). The highest RCI value of 6.67% indicates that shorter ghost ranges relative to the observed ranges had to be implied for this tree topology than for the other two trees. The values for the trees yielded by the two parsimony analyses are the same with an SCI value of 0.52 and a negative RCI value of −0.87%. GER values, although ranging between 0 and 1, generally rank trees in the same order of goodness of fit of the topology with the stratigraphic distribution as the RCI. Therefore, the Bayesian tree has the highest GER value (0.831) and the parsimony trees both have values of 0.812.
Tree topologies produced by the analyses of the reduced data set also show quite similar GER values, whereas the Bayesian tree again has the highest value of 0.824 (Table 1 ). The RCI varies from a large and negative value of −11.88% for the parsimony tree with all characters unordered, to 1.74% for the tree of the parsimony analysis with selected characters ordered, to 3.77% for the Bayesian tree, indicating that very different length of ghost ranges relative to the actual stratigraphic ranges have to be inferred for the three different topologies. The SCI is lowest for the parsimony analysis with all characters unordered, but in general, the difference between the SCI values of the three trees is quite small.
For both data sets, the measures of fit of the tree topology to stratigraphic distribution indicate the best fit for the Bayesian trees. If consistency of the tree topology with the stratigraphic distribution of taxa in the rock record is used as an independent optimality criterion to chose between different tree topologies, these trees therefore were to be given preference.
CONCLUSIONS
Relationships of Small Dissorophoid Amphibians
The results of the comprehensive phylogenetic analyses of small dissorophoid amphibians indicate a close relationship of branchiosaurids and amphibamids. Although the resulting tree topologies vary in some respects between the different subsets and analytical approaches, consistent patterns can be discerned.
Micromelerpeton forms the basalmost member of the monophyletic Dissorophidea in all analyses. In the analyses that resolved the relationships of dissorophids, Ecolsonia and trematopids, Dissorophinae and Cacopinae form a well-supported sister clade with Ecolsonia and Trematopidae as successively more inclusive taxa.
Branchiosaurids form a monophyletic group in all of the yielded trees and represent a robust clade as reflected in particularly high support values in the parsimony and Bayesian analyses. In all analyses, amphibamids are invariably paraphyletic with respect to branchiosaurids, whereas the latter are consistently nested within the clade of derived amphibamids. Support values for the clade including amphibamids and branchiosaurids vary between the analyses. Bayesian analyses of both the complete and reduced data set show strong support for this clade with posterior probability values of 0.98 and0.97, respectively. The parsimony analyses show rather weak support for this clade, except for the analysis of the complete data set with selected characters ordered with a bootstrap value of 86% for this node.
Amphibamus, Doleserpeton, Gerobatrachus, and Platyrhinops are always the most highly nested taxa within the clade of derived amphibamids with only little variation in their relationships to each other. The close relationship of the amphibamids Pasawioops, Micropholis, and Tersomius to the exclusion of the derived amphibamid taxa was previously recognized in the analysis of amphibamid relationships . This clade is recovered in all analyses, where amphibamid relationships are resolved. Plemmyradytes variably falls within this clade of basal amphibamids or clusters more closely with the derived amphibamids. The somewhat variable placement of this taxon has previously been recognized and is likely a result of the fragmentary nature of the fossil material . Likewise, the somewhat variable placement of Georgenthalia was previously reflected in analyses of amphibamid relationships (excluding branchiosaurids; Anderson, Henrici, et al. 2008; Fröbisch and Reisz 2008) and may be the result of a juvenile ontogenetic stage of the only known specimen.
The exclusion of characters that are thought to be associated with miniaturization did not result in a placement of amphibamids and branchiosaurids as more distantly related taxa as was expected if the common pathways associated with miniaturization were responsible for their shared similarities. In contrast, all analyses performed with the reduced data set invariably resulted in the paraphyly of amphibamids with respect to branchiosaurids, therefore supporting an intricate relationship of the amphibamid taxa with branchiosaurids. Partition homogeneity tests performed in PAUP demonstrate that the two data sets consisting of the 13 characters associated with miniaturization and the remaining characters of the matrix, respectively, were congruent in the complete data set with all characters unordered (P = 0.61) as well as in the analysis with selected characters ordered (P = 0.49). This further corroborates that miniaturization is not responsible for the close relationship of branchiosaurids and amphibamids reflected in the phylogenetic analyses. A SYSTEMATIC BIOLOGY VOL. 58 possible paraphyly of amphibamids with respect to branchiosaurids has previously been suggested tentatively (Milner 1982; Anderson 2007; Anderson, Henrici, et al. 2008; Schoch and Milner 2008) , but was thus far not tested in a comprehensive phylogenetic framework. The paraphyly of amphibamids with respect to branchiosaurids is clearly supported by all six analyses of the complete data set. If the additional information from the fossil record, that is, stratigraphic consistency of the retrieved tree topologies is taken into consideration, the support is highest for the trees yielded by the Bayesian analyses. Both of these trees support a high nesting of branchiosaurids within the clade of derived amphibamids with either Amphibamus and Gerobatrachus, or {[(Amphibamus, Gerobatrachus) Doleserpeton] Platyrhinops} as closest relatives to branchiosaurids.
Evolutionary Implications
Life-history strategies.-What does this tell us about the evolutionary history of small dissorophoid amphibians? Amphibamids and branchiosaurids differ profoundly in their life-history strategies, which in amphibamids are reflected in characters associated with an effective terrestrial locomotion and feeding, and in branchiosaurids in characters associated with the almost universal presence of neoteny. However, in his important study on the branchiosaurids from the Rotliegend of Germany, Boy (1972) discussed that despite the neotenic nature of branchiosaurids, they show a mosaic of characters associated with terrestriality (e.g., shortening of the trunk region, flattening of the skull, and an enlarged otic notch) and obvious characters of aquatic animals (e.g., external gills with specialized branchial denticles for filter feeding, laterally compressed tails with tail fins, and weakly ossified and undifferentiated limb skeletons).
On the basis of these observations, Boy (1972) proposed an evolutionary scenario, suggesting that branchiosaurids were a primarily terrestrial group, possibly with representatives living in an upland environment or in the upstream parts of rivers, where preservational conditions are poor and therefore these terrestrial counterparts remain unknown. The excellent fossil record of branchiosaurids therein reflects only the secondarily aquatic forms, which much like modern salamanders acquired most of their aquatic adaptations via paedomorphosis. Although Boy's scenario was mainly hypothetical at the time, it becomes more conceivable in the light of this and other recent studies. The results of the phylogenetic analyses show branchiosaurids highly nested within amphibamids, which supports a terrestrial origin of the clade comprising amphibamids and branchiosaurids as depicted in Boy's (1972) scenario, with branchiosaurids forming a clade of secondarily aquatic, neotenic amphibamids. Therein, many of the characteristic synapomorphies of branchiosaurids, such as the apomorphic filter feeding apparatus, evolved as adaptations to the aquatic environment in this group, as has been previously suggested (Schoch and Milner 2008) .
The recently described amphibamid Georgenthalia was found in the Lower Permian Bromacker quarry in Germany (Anderson, Henrici, et al. 2008) , which has been interpreted as preserving an upland fauna (Eberth et al. 2000) , which at least indicates that terrestrial amphibamids were present in the upland environments at a similar time. Moreover, Platyrhinops co-occurs with Branchiosaurus, the earliest known member of the branchiosaurid clade, in the Upper Carboniferous (Moscovian) coal deposits of Nyrany in the Czech Republic. It is likely, however, that branchiosaurids already experienced a period of separate evolutionary history as a distinct group of neotenic amphibamids predating the Moscovian, given the specialization visible in the branchial apparatus and palatal anatomy seen already in Branchiosaurus as the earliest known member of the clade.
The phylogeny of branchiosaurids indicates that the occurrence of metamorphosed members of the species A. gracilis probably represents a reversal to the plesiomorphic life-history pattern of metamorphosis (Schoch and Fröbisch 2006; Schoch and Milner 2008) . The life history of modern amphibians is characterized by a strong condensation of events associated with metamorphosis and the first evidence for this condensation in the fossil record was reported in branchiosaurids (Schoch and Fröbisch 2006) . Although detailed ontogenetic series of amphibamids are not available at this time, the data at hand suggest a condensed larval phase in amphibamids as well (Schoch 2002b; Schoch and Rubidge 2005) , which in the framework of the phylogenetic relationships yielded in this study would be considered a plesiomorphic state for the clade comprising amphibamids and branchiosaurids.
Pedicellate dentition.-Pedicely is an important character that has frequently been discussed in connection with the origins of the three modern amphibian groups, which all display a pedicellate dentition. Pedicely is definitively known from the three most derived amphibamid taxa, Amphibamus, Gerobatrachus, and Doleserpeton (Bolt 1969 (Bolt , 1977 (Bolt , 1979 Anderson, Reisz, et al. 2008 ) and has also been reported for Tersomius, but this taxon needs taxonomic revision before a more confident discussion of its characters in a phylogenetic framework is possible. Pedicellate teeth have also been reported for a single specimen of the branchiosaurid Apateon caducus (Schoch and Carroll 2003) , indicating the possible presence of pedicely within the branchiosaurid clade. Therefore, the evolution of pedicellate dentition may have occurred at the base of the clade including derived amphibamids and branchiosaurids.
Ontogenetic data and phylogeny.-The excellent fossil record of branchiosaurids allowed for a detailed study of their ontogeny, in particular their ossification sequence, and many similarities between branchiosaurids 325 and extant amphibians, in particular salamanders have been described (Schoch 1992 (Schoch , 2002a (Schoch , 2004 Schoch and Carroll 2003; Schoch and Fröbisch 2006; Carroll 2007; Fröbisch et al. 2007 ). The uniqueness of the fossil record of branchiosaurids at the same time holds the problem that in many cases it is difficult to assess when certain development pathways evolved in the fossil record and on what level they may represent true synapomorphies or are parallelisms (Schoch 2006; Anderson 2007; Fröbisch et al. 2007 ). The phylogenetic position of branchiosaurids nested within derived amphibamids could indicate that many of the ontogenetic features observed in branchiosaurids may represent symplesiomorphies for amphibamids including branchiosaurids (or an even more inclusive group), which however, will only be possible to test when more data on the ontogeny of amphibamids become available.
It becomes clear that a mosaic of features associated with miniaturization on the one hand and the evolution of different life-history strategies on the other hand characterize the evolution of small dissorophoid amphibians of the Paleozoic. An understanding of the relationships of these groups is essential for the ongoing discussion of lissamphibian origins. The reduction of the palatal elements, the pedicellate dentition, and several aspects of their ontogeny, such as metamorphosis and neoteny, are features that are shared by amphibamids and/or branchiosaurids and the modern taxa. A better understating of the relationships of amphibamids and branchiosaurids with each other provides a new framework for the discussion of the evolution of these characters and a better assessment of their explanatory power for lissamphibians origins.
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